THE APPLICATION of signal averaging to electrocardiography allows the detection of microvolt level waveforms that are masked by noise when recorded with conventional techniques. This article briefly reviews signal-averaging methods and discusses the His-Purkinje potential and late potentials as examples of new information available from the body surface with the technique.
Method. The purpose of signal averaging is to reduce the level of noise that contaminates the electrocardiogram (ECG)."2 The primary sources of noise are skeletal muscle activity, electrodes, powerline interference, and amplifiers. The noise amplitude is typically 5 to 20 ,uV under optimal conditions before averaging.
There are two types of signal averaging. In ensemble averaging sequential samples of a repetitive waveform are averaged. Random noise, not synchronized with the waveform of interest, cancels and is reduced in proportion to the square root of the number of beats processed. 2 The noise level in most studies is under 1 ,uV after averaging 100 to 500 cycles, the equivalent of 1/100 of a millimeter at standard electrocardiographic display scale. Ensemble averaging requires that the waveform of interest must repeat precisely and be linked in time with a fiducial point, usually a portion of the QRS, which is used to align the beats before averaging. If the waveform of interest lacks a fixed temporal relationship with the fiducial point, then the averaged waveform will be smoothed and the highfrequency details will be lost. 2 A second form of signal averaging is spatial averaging.3'4 Potentials from four to 16 independent electrodes are summed, yielding a theoretical noise reduction of two to four times. The advantage of spatial averaging is that transient events can be analyzed. There is a practical limit, however, to the number of electrodes if all are to record the same electrocardiographic vector and, moreover, the closely spaced electrodes may record a common noise source that would not effectively cancel. Flowers et al.3 developed a vari-ation on spatial averaging that offers improved noise reduction by rejecting those leads in which the signal is not in phase with the majority of leads. Once averaged, the ECG is usually high-pass filtered to emphasize the relative high frequencies generated by depolarization of cells and minimize the lower frequencies corresponding to the slowly changing plateau or repolarization phases of the action potential. High-pass filtering aids the detection of microvolt level waveforms arising from depolarization of small areas of myocardium. Filter corner frequencies of 25 to 100 Hz are used in most studies.
The Fourier transform has also been applied to signal-averaged ECGs to extract diagnostic high-frequency content.5' 6 High-pass filtering and the Fourier transform are restricted in accuracy and are prone to errors of various sorts.5'7 Special digital filters, such as the bidirectional filter, have been developed to control filter artifacts.7
His bundle activity. His-Purkinje activation was first recorded from the body surface in 1973 with ensemble averaging techniques.'0 The usual findings in adults are complexes of 1 to 10 ,uV occurring about 40 msec before QRS onset. 11-14 Surface His bundle potentials correlate well with intracardiac recordings (r = .82 to .98) and the average discrepancy in the HV intervals is under 5 msec. 12 The technique has been applied to infants and children to assess atrioventricular conduction after surgical repair of congenital heart disease. 14' 15 Horan et al. ,16 using signal-averaged surface potential maps, have detected His bundle activation followed by diverging activity from the bundle branches.
There are two major limitations to recording His bundle activity noninvasively. The surface His potential can be detected in only about two-thirds of patients because atrial activity frequently overlaps it.' When the PR segment exceeds 55 to 65 msec, the His potential can be recorded more reliably.4' 14, 17 Increasing the atrioventricular nodal delay pharmacologically or averaging three vector leads simultaneously improves the recognition of the His bundle potential.9 1' 14 Atrial activity can be distinguished from His bundle potentials by taking advantage of the fixed His-QRS time relationship during small variations in the PR interval.2' 18 Interference from the delta wave in the presence of Wolff-Parkinson-White syndrome can be removed by selective filtering. '7 A second limitation is 111-69 that ensemble averaging is ineffective when changing atrioventricular conduction or transient arrhythmias are being recorded. Recently, spatial averaging with multiple, closely spaced electrodes (figure 1) has been used; His potentials are less commonly recorded with this approach than with ensemble averaging, however.3'4 11 Atrial activity can be separated from superimposed T waves because of its higher frequency content,4 11 and this can aid in the analysis of arrhythmias.
The ability to record His-Purkinje potentials repeatedly and noninvasively may prove useful in monitoring patients at high risk for heart block, such as those who have undergone repair of congenital heart defects, and in analyzing arrhythmias.
Ventricular late potentials. Electrocardiographic signal averaging has been used most frequently to detect ventricular late potentials.5' 7 19 23 These potentials are microvolt level, high-frequency (>25 Hz) waveforms that are continuous with the QRS complex and persist for tens of milliseconds into the ST segment. Late potentials appear to correspond to delayed and fragmented ventricular activation, which has been observed with direct electrogram recordings in patients with ventricular tachycardia (VT).`9 21. 22, 24 The amplitude of the delayed electrograms, which occur only in a few areas of the heart, is typically under 1 mV when recorded directly24; conventional electrocardiographic techniques cannot detect these signals reliably from the body surface because they are masked by noise. Figure 2 shows examples of signal-averaged recordings in patients with and those without VT after myo-cardial infarction. The initial portion of the filtered QRS complex from the patient with VT is generally similar to that in the control patient. At the end of the filtered QRS complex, however, there is a low-amplitude late potential (arrow) that corresponds to fine ripples and notches in the QRS complexes in the unfiltered leads when shown at high gain. The amplitude of the late potential varies from 1 to 25 gV with 25 Hz filtering. Various measurements can be made objectively by a computer to classify signal-averaged ECGs and define late potentials. The measurements include the duration of the filtered QRS complex, which is approximately 45 msec longer in patients with ventricular tachycardia, and voltage in the terminal portions of the filtered QRS complex. 7 23 In the last decade, many groups have recorded late potentials with ensemble averaging in patients with ventricular tachycardia.', 7 1923 Patients with sustained and inducible VT after myocardial infarction have abnormal signal-averaged ECGs in 73% to 92% of cases. Only 0 to 6% of normal volunteers and 7% to 15% of patients without VT after myocardial infarction and Lown class 0 to 1 ectopy have abnormal signal-averaged ECGs.5 7 23 25. 6 Late potentials have been recorded from patients with VT and arrhythmogenic right ventricular dysplasia or nonischemic cardiomyopathies.19 25, 27 Examples of late potentials that span diastole between normal and ventricular premature beats have been detected with spatial averaging.4 '28 Late potentials are thought to originate from small areas of delayed and disorganized ventricular activa-AVL vxi ;.JLL I ' ' f i l l ; tion. Patients with VT after myocardial infarction have prolonged fragmented electrograms that often last beyond the apparent end of the QRS complex.29' 30 Studies in animals and man have shown that delayed ventricular activation can outlast diastole and that it relates to the onset and maintenance of ventricular arrhythmias.3-34 Several groups have reported examples of delayed epicardial activation during sinus rhythm in patients with late potentials.'9 21 22 Epicardial and endocardial mapping in patients with VT after myocardial infarction have established that late potentials correspond in time to fragmented and delayed electrograms recorded predominantly from the endocardium.24 Studies in animals with experimental infarcts have shown a similar relationship between delayed ventricular activation and late potentials. 35 36 Abnormalities on the signal-averaged ECG often disappear after a successful surgical control of VT.2>22 " In our experience with 24 patients in whom VT could not be induced after operation, the filtered QRS duration shortened from a mean of 137 to 121 msec and the incidence of late potentials decreased Vol. 75(suppl HII), April 1987 from 71% to 33%.38 The incidence of late potentials and the filtered QRS complex duration were not changed in 13 patients in whom VT could be induced after operation. Breithardt et al.39 have reported similar results. Surgical control of VT may eliminate the late potential and loss of the late potential is associated with a successful outcome. The persistence of the late potential in some cases despite successful control of VT, however, suggests that not all areas of delayed activation need be removed in order to control the arrhythmia.
In general, antiarrhythmic drug therapy prolongs the filtered QRS duration and decreases the filtered QRS voltages in the initial and terminal portions of the complex. Late potentials are not abolished with drug therapy, however.1 21, 22, 0 Cain et al. 4 `have reported that effective drug therapy is associated with a relative decrease in the 20 to 50 Hz content of the terminal QRS and early ST segment. In eight of 10 successful trials the 20 to 50 Hz components decreased, a change that was seen in only one of 10 unsuccessful trials. Other observers have noted no pattern of change in the fil- 0 tered QRS complex that indicated a successful response.,21,22,40 Further studies are needed to resolve these differences.
A correlation between the presence of late potentials and left ventricular dysfunction has been noted in several studies," 25' 26 42 although two reports have found no relationship. 43 Denes et al. 42 studied the determinants of an abnormal signal-averaged ECG (late potential or filtered QRS complex > 120 msec) in 166 patients with coronary artery disease. An abnormal signal-averaged ECG had a univariate correlation with age, prior myocardial infarction, previous VT or ventricular fibrillation (VF), left ventricular wall motion abnormalities, and ejection fraction. Multivariate analysis, however, revealed that a history of sustained VT or VF and prior myocardial infarction were the only independent determinants of an abnormal signal-averaged ECG. The question of whether the signal-averaged ECG provided independent information useful in identifying patients with VT was addressed in a retrospective study that compared the findings on the signal-averaged ECG, Holter monitoring, and cardiac catheterization.4 Logistic regression analysis showed that only three variables provided significant independent information for the identification of patients with VT: an abnormal signal-averaged ECG, a peak premature ventricular contraction rate of more than 100 per hour, and the presence of a left ventricular aneurysm. The study suggested that the signal-averaged ECG could be combined with other clinical information to provide more specific identification of patients with VT after infarction.
The prognostic value of late potentials in patients after myocardial infarction has been evaluated in a few prospective studies. Breithardt et al.46 studied 160 patients a median of 25 days after acute myocardial infarction; 48 patients (30%) had late potentials 20 msec or longer in duration. The incidence of sustained VT during a mean follow-up of 7.5 months was 8.3% (four of 48) in patients with late potentials and none of 1 12 in patients without late potentials (p < .01). The incidence of VT increased to 16.6% (three of 18 patients) if only patients with late potentials longer than 40 msec were considered. Denniss et al.47 reported a similar positive prognostic value of late potentials for VT. The incidence of sudden death has been too infrequent in the studies to date to form a conclusion on the value of late potentials as a prognostic indicator for that event. Further prospective studies are needed to evaluate whether abnormalities on the signal-averaged ECG are an independent risk factor for sudden death or VT after myocardial infarction and to establish the role of the 
